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1
SEMICONDUCTOR DEVICE HAVING
EMBEDDED STRAIN-INDUCING PATTERN
AND METHOD OF FORMING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a divisional application of U.S. patent
application Ser. No. 13/908,440, filed on Jun. 3, 2013; which
claims priority under 35 U.S.C. §119 to Korean Patent Appli-
cation No. 10-2012-0060048 filed on Jun. 4, 2012, the dis-
closure of which is hereby incorporated by reference in its
entirety.

BACKGROUND

1. Field

Embodiments of the inventive concepts relate to semicon-
ductor devices having a strain-inducing pattern embedded in
a substrate and methods of forming the same.

2. Description of Related Art

In order to improve electrical characteristics of a semicon-
ductor device, strain technology has been studied. For
example, it has been identified that carrier mobility can be
improved by applying stress to a channel region.

SUMMARY

Embodiments of the inventive concepts provide semicon-
ductor devices having strain-inducing patterns formed
throughout a substrate at regular locations.

Other embodiments of the inventive concepts provide
methods of forming semiconductor devices having strain-
inducing patterns formed throughout a substrate at regular
locations.

Still other embodiments of the inventive concepts provide
an electronic apparatus employing semiconductor devices
having a strain-inducing pattern.

In one aspect, a semiconductor device comprises: a sub-
strate having a first region and having a second region having
a higher pattern density than the first region, the substrate
extending in a horizontal direction of extension; a first active
region defined in the first region; a first gate electrode on the
first active region; a first trench in the first active region and
offset-aligned to the first gate electrode; a first strain-inducing
pattern in the first trench; a second active region defined in the
second region; a second gate electrode on the second active
region; a second trench in the second active region and offset-
aligned to the second gate electrode; and a second strain-
inducing pattern in the second trench, wherein the first active
region has a first 2-shaped configuration bordered in part by
the first trench, and the second active region has a second
2-shaped configuration bordered in part by the second trench,
and wherein a vertical line that is perpendicular to the hori-
zontal direction of extension of the substrate and intersects a
side surface of the first gate electrode is defined as a first
vertical line, wherein a vertical line that is perpendicular to
the horizontal direction of extension of the substrate and
intersects a side surface ofthe second gate electrode is defined
as a second vertical line, wherein a shortest distance between
the first vertical line and the first trench is defined as a first
horizontal distance, wherein a shortest distance between the
second vertical line and the second trench is defined as a
second horizontal distance, and wherein a difference between
the first horizontal distance and the second horizontal dis-
tance is equal to or less than 1 nm.
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In one embodiment, the first active region includes: a first
upper surface facing the first gate electrode; a first upper side
surface facing the first strain-inducing pattern below the first
upper surface; a first lower side surface facing the first strain-
inducing pattern below the first upper side surface; a first
upper edge disposed between the first upper surface and the
first upper side surface; and a first intermediate edge disposed
between the first upper side surface and the first lower side
surface, the first intermediate edge being nearer than the first
upper edge with respect to the first vertical line, and the first
horizontal distance being a horizontal distance between the
first vertical line and the first intermediate edge; and the
second active region includes: a second upper surface facing
the second gate electrode; a second upper side surface facing
the second strain-inducing pattern below the second upper
surface; a second lower side surface facing the second strain-
inducing pattern below the second upper side surface; a sec-
ond upper edge disposed between the second upper surface
and the second upper side surface; and a second intermediate
edge disposed between the second upper side surface and the
second lower side surface, the second intermediate edge
being nearer than the second upper edge with respect to the
second vertical line, and the second horizontal distance being
a horizontal distance between the second vertical line and the
second intermediate edge.

In another embodiment, a horizontal line that is parallel to
the substrate and intersects an upper end of the first active
region is defined as a first horizontal line, when a horizontal
line that intersects the first upper edge is defined as a second
horizontal line, when a horizontal line that intersects the first
intermediate edge is defined as a third horizontal line, and
when a horizontal line that intersects a bottom of the trench is
defined as a fourth horizontal line, and wherein a first vertical
distance between the first horizontal line and the third hori-
zontal line is smaller than a second vertical distance between
the third horizontal line and the fourth horizontal line when
taken along the first vertical line.

In another embodiment, a third horizontal distance
between the first upper edge and the first vertical line is
greater than the first horizontal distance when taken along the
second horizontal line.

In another embodiment, the third horizontal distance is one
to 1.5 times the first vertical distance.

In another embodiment, an angle of intersection between
the first upper side surface of the first active region and the
second horizontal line ranges from 30 to 40 degrees.

In another embodiment, an angle of intersection between
the first lower side surface of the first active region and the
fourth horizontal line ranges from 50 to 60 degrees.

In another embodiment, each of the first and second strain-
inducing patterns includes a first semiconductor layer, a sec-
ond semiconductor layer on the first semiconductor layer, and
a third semiconductor layer on the second semiconductor
layer and that has an protrudes at a level that is greater than
those of the first and second active regions.

In another embodiment, the first semiconductor layer is in
direct contact with the first and second active regions.

In another embodiment, the first and second active regions
include single crystalline silicon; the first and second semi-
conductor layers include a SiGe layer; and the second semi-
conductor layer has a higher Ge content than the first semi-
conductor layer.

In another embodiment, the third semiconductor layer
comprises a SiGe layer having a lower Ge content than the
second semiconductor layer.

In another embodiment, the third semiconductor layer
comprises an Si layer.
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In another embodiment, the first and second active regions
include n-type impurities; the first semiconductor layer
includes p-type impurities; and the second semiconductor
layer includes p-type impurities having a higher concentra-
tion than the first semiconductor layer.

In another aspect, a semiconductor device comprises: an
active region defined on a substrate; a gate electrode on the
active region; a lightly doped drain (LDD) in the active region
adjacent to the gate electrode; a trench in the active region
adjacent to the gate electrode and disposed at an outer side of
the LDD; and a strain-inducing pattern in the trench, wherein
the active region includes: an upper surface; a first side sur-
face facing the strain-inducing pattern below the upper sur-
face; a second side surface facing the strain-inducing pattern
below the first side surface; a first edge disposed between the
upper surface and the first side surface; and a second edge
between the first side surface and the second side surface,
wherein the second edge is nearer than the first edge with
respect to a vertical line that is perpendicular to the substrate
and intersects a side surface of the gate electrode, and wherein
the second edge is formed on a surface of the LDD.

In one embodiment, the strain-inducing pattern includes a
first semiconductor layer, a second semiconductor layer on
the first semiconductor layer, and a third semiconductor layer
on the second semiconductor layer and that protrudes at a
higher level than the first edge; the active region includes
n-type impurities; the LDD includes p-type impurities; the
first semiconductor layer includes p-type impurities having a
higher concentration than the LDD; and the second semicon-
ductor layer includes p-type impurities having a higher con-
centration than the first semiconductor layer.

In another embodiment, the semiconductor device further
comprises: a first spacer on the side surface of the gate elec-
trode; and a second spacer on the first spacer, wherein the first
spacer is in direct contact with the LDD.

In another embodiment, the second spacer is in direct con-
tact with the L.DD and the strain-inducing pattern.

In another embodiment, the strain-inducing pattern
includes: a first surface connected to the first edge and having
a different slope from the first side surface of the active
region; a second surface connected to the first surface and
having a different slope from the first surface; and a third
surface connected to the second surface and formed at an
upper end of the strain-inducing pattern, and the second
spacer is in direct contact with the LDD, the first edge, the first
surface, the second surface, and the third surface.

In another embodiment, an angle of intersection between a
horizontal line passing the first edge and the first surface of
the strain-inducing pattern is smaller than that between the
horizontal line and the first side surface of the active region.

In another embodiment, the semiconductor device, further
comprises a halo formed within the active region and having
different conductive impurities from the LDD, wherein the
halo covers aside surface and a lower end of the LDD, and the
first side surface is formed on a surface of the LDD, and the
second side surface is formed on surfaces of the LDD and the
halo.

In another aspect, a semiconductor device comprises: a
substrate having a first region and a having second region
having a higher pattern density than the first region; a first
active region defined in the first region; a first gate electrode
covering an upper portion and a side surface of the first active
region; a first trench in the first active region and offset-
aligned to the first gate electrode; a first strain-inducing pat-
tern the first trench; a second active region defined in the
second region; a second gate electrode covering an upper
portion and a side surface of the second active region; a
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second trench in the second active region and offset-aligned
to the second gate electrode; and a second strain-inducing
pattern in the second trench, wherein the first active region
has a first 2-shaped configuration bordered in part the first
trench, and the second active region has a second X-shape
configuration bordered in part by the second trench, and
wherein a vertical line that is perpendicular to the substrate
and intersects the side surface of the first gate electrode is
defined as a first vertical line, wherein a vertical line that is
perpendicular to the substrate and intersects the side surface
of the second gate electrode is defined as a second vertical
line, wherein a shortest distance between the first vertical line
and the first trench is defined as a first horizontal distance,
wherein a shortest distance between the second vertical line
and the second trench is defined as a second horizontal dis-
tance, and wherein a difference between the first horizontal
distance and the second horizontal distance is equal to or less
than 1 nm.

In another aspect, an electronic device comprises: a mother
board; a semiconductor substrate mounted on the mother
board; an active region defined on the semiconductor sub-
strate; a gate electrode disposed on the active region; a lightly
doped drain (LDD) formed within the active region adjacent
to the gate electrode; a trench formed within the active region
adjacent to the gate electrode and disposed at an outer side of
the LDD; and a strain-inducing pattern in the trench, wherein
the active region includes: an upper surface; a first side sur-
face facing the strain-inducing pattern below the upper sur-
face; a second side surface facing the strain-inducing pattern
below the first side surface; a first edge between the upper
surface and the first side surface; and a second edge between
the first side surface and the second side surface, wherein the
second edge is nearer than the first edge with respect to a
vertical line that is perpendicular to the substrate and passes a
side surface of the gate electrode, and wherein the second
edge is formed on a surface of the LDD.

In another aspect, a method of forming a semiconductor
device comprises: preparing a substrate having an active
region; forming a gate electrode on the active region; forming
a lightly doped drain (LLDD) in the active region adjacent to
the gate electrode; forming a trench, which passes through the
LDD, in the active region adjacent to the gate electrode; and
forming a strain-inducing pattern within the trench, wherein
the active region includes an upper surface, a first side surface
facing the strain-inducing pattern below the upper surface, a
second side surface facing the strain-inducing pattern below
the first side surface, a first edge between the upper surface
and the first side surface, and a second edge between the first
side surface and the second side surface, wherein the second
edge is nearer than the first edge with respect to a vertical line
that is perpendicular to the substrate and passes a side surface
of the gate electrode, and wherein the second edge is formed
on a surface of the LDD.

In one embodiment, the forming of the trench includes:
forming a sacrificial spacer on the side surface of the gate
electrode; anisotropically etching the active region exposed
to an outer side of the sacrificial spacer to form a first trench;
isotropically etching the active region exposed to an interior
of the first trench to form a second trench; and directionally
etching the active region exposed to an interior of the second
trench to form a third trench.

In another embodiment, the first trench includes a U-shape,
and wherein an angle of intersection between a horizontal line
passing a bottom of the first trench and a sidewall of the first
trench ranges from 86 to 89 degrees.

In another embodiment, the second trench includes a round
sidewall, and a nearest point of the round sidewall from the



US 9,324,834 B2

5

vertical line that is perpendicular to the substrate and passes
the side surface of the gate electrode is formed on a surface of
the LDD.

In another embodiment, a lower surface of the sacrificial
spacer is exposed to the second trench.

In another embodiment, the first side surface is formed on
a surface of the LDD, and the second surface extends from the
surface of the LDD to a lower level than the LDD.

In another embodiment, the forming of the strain-inducing
pattern includes: forming a first semiconductor layer in the
trench; forming a second semiconductor layer on the first
semiconductor layer; and forming a third semiconductor
layer on the second semiconductor layer, the first and second
semiconductor layers including a different material from that
of the active region.

In another embodiment, the first, second, and third semi-
conductor layers are formed using a selective epitaxial
growth (SEG) technique.

In another embodiment, the first and second semiconduc-
tor layers include a SiGe layer, and the second semiconductor
layer has a higher Ge content than the first semiconductor
layer.

In another embodiment, the third semiconductor layer
includes a Si layer or a SiGe layer having a lower Ge content
than the second semiconductor layer.

In another aspect, a method of forming a semiconductor
device comprises: forming a first trench in a substrate;
expanding a distance between inner sidewalls of the first
trench using an isotropic etch process to form a second trench
having curved inner sidewalls and having an inner width; and
expanding a distance between inner sidewalls of the second
trench using a directional etch process to form a third trench
having linear upper and lower inner sidewalls that intersect at
an angle relative to each other, and wherein an inner width of
the third trench at a point of intersection of the upper and
lower inner sidewalls is controlled in response to the inner
width of the curved inner sidewalls of the second trench.

In one embodiment, the first trench is formed using an
anisotropic etch.

In another embodiment, the inner width of the second
trench is controlled in response to parameters of the isotropic
etch process.

In another embodiment, the inner width of the third trench
at the point of intersection of the upper and lower inner
sidewalls is controlled in response to parameters of the direc-
tional etch process.

In another embodiment, the method further comprises fill-
ing the trench with a strain-inducing material.

Details of other embodiments are included in the detailed
description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantages of the
inventive concepts will be apparent from the more particular
description of preferred embodiments of the inventive con-
cepts, as illustrated in the accompanying drawings in which
like reference characters refer to the same parts throughout
the different views. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating the principles
of the inventive concepts. In the drawings:

FIG. 1 is a cross-sectional view for describing a semicon-
ductor device in accordance with embodiments of the inven-
tive concepts;

FIGS. 2 to 4] are enlarged views illustrating a portion of
part of FIG. 1 in detail;
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FIG.5A is alayout diagram for describing a semiconductor
device in accordance with embodiments of the inventive con-
cepts;

FIG. 5B is an enlarged view illustrating certain compo-
nents of FIG. 5A in detail;

FIGS. 5C and 5D are enlarged views showing certain com-
ponents of FIG. 5B in detail.

FIG. 6 is a layout diagram for describing a semiconductor
device in accordance with embodiments of the inventive con-
cepts, and FIG. 7 is a cross-sectional view;

FIG. 8A is alayout diagram for describing a semiconductor
device in accordance with embodiments of the inventive con-
cepts, and FIG. 8B is a cross-sectional view;

FIG. 9 is a flowchart for describing a method of forming a
semiconductor device in accordance with embodiments of
the inventive concepts;

FIGS. 10, 11, 12A,13A, 14A, 15,16, 17A, 18A, 19, 204,
205, 21, 22A, 23, and 24 are cross-sectional views for
describing methods of forming semiconductor devices in
accordance with embodiments of the inventive concepts;

FIGS. 12B, 12C, 13B, 14B, 17B, 18B, and 22B are
enlarged views showing certain configuration elements of
FIGS. 12A,13A,14A, 17A, 18A, and 22A, respectively; and

FIGS. 25 and 26 are system block diagrams for describing
electronic apparatuses in accordance with various embodi-
ments of the inventive concepts.

DETAILED DESCRIPTION OF EMBODIMENTS

Various embodiments will now be described more fully
with reference to the accompanying drawings in which some
embodiments are shown. These inventive concepts may, how-
ever, be embodied in different forms and should not be con-
strued as limited to the embodiments set forth herein. Rather,
these embodiments are provided so that this disclosure is
thorough and complete and fully conveys the inventive con-
cepts to those skilled in the art. In the drawings, the sizes and
relative sizes of layers and regions may be exaggerated for
clarity.

It will be understood that when an element is referred to as
being “connected” or “coupled” to another element, it can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments. Other words used to describe relationships between
elements should be interpreted in a like fashion (i.e.,
“between” versus “directly between,” “adjacent” versus
“directly adjacent,” etc.).

It will be understood that, although the terms first, second,
A, B, etc. may be used herein in reference to elements of the
invention, such elements should not be construed as limited
by these terms. For example, a first element could be termed
a second element, and a second element could be termed a
first element, without departing from the scope of the present
invention. Herein, the term “and/or” includes any and all
combinations of one or more referents.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper” and the like, may be used herein for
ease of description to describe one element’s or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
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“above” the other elements or features. Thus, the term
“below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

The terminology used herein to describe embodiments of
the invention is not intended to limit the scope of the inven-
tion. The articles “a,” “an,” and “the” are singular in that they
have a single referent, however the use of the singular form in
the present document should not preclude the presence of
more than one referent. In other words, elements of the inven-
tion referred to in the singular may number one or more,
unless the context clearly indicates otherwise. It will be fur-
ther understood that the terms “comprises,” “comprising,”
“includes,” and/or “including,” when used herein, specify the
presence of stated features, items, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, items, steps, opera-
tions, elements, components, and/or groups thereof.

Embodiments are described herein with reference to cross-
sectional illustrations that are schematic illustrations of ide-
alized embodiments (and intermediate structures). As such,
variations from the shapes of the illustrations as a result, for
example, of manufacturing techniques and/or tolerances, are
to be expected. Thus, embodiments should not be construed
as limited to the particular shapes of regions illustrated herein
but are to include deviations in shapes that result, for example,
from manufacturing. For example, an implanted region illus-
trated as a rectangle will, typically, have rounded or curved
features and/or a gradient of implant concentration at its
edges rather than a binary change from implanted to non-
implanted region. Likewise, a buried region formed by
implantation may result in some implantation in the region
between the buried region and the surface through which the
implantation takes place. Thus, the regions illustrated in the
figures are schematic in nature and their shapes are not
intended to illustrate the actual shape of a region of a device
and are not intended to limit the scope of the present inventive
concepts.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein are to be interpreted as is
customary in the art to which this invention belongs. It will be
further understood that terms in common usage should also
be interpreted as is customary in the relevant art and not in an
idealized or overly formal sense unless expressly so defined
herein.

FIG. 1 is a cross-sectional view for describing a semicon-
ductor device in accordance with embodiments of the inven-
tive concepts, and FIGS. 2 to 41 are enlarged views showing a
portion of FIG. 1 in detail.

Referring to FIG. 1, an n-well 22, a first active region 23, a
device isolation layer 29, first gate dielectric layers 31, first
gate electrodes 33, first re-oxidation layers 41, first inner
spacers 43, first outer spacers 81, first lightly doped drains
(LDDs) 55, first halos 57, trenches 65T, a first semiconductor
layer 71, a second semiconductor layer 72, a third semicon-
ductor layer 73, P-source/drains 89, first and second metal
silicide patterns 91 and 93, an etch-stopping layer 95, and an
interlayer insulating layer 97 may be formed on a substrate
21. The first semiconductor layer 71, the second semiconduc-
tor layer 72, and the third semiconductor layer 73 may con-
stitute a strain-inducing pattern 75. The strain-inducing pat-
tern 75 may fill the trenches 65T. The trenches 65T may be
offset-aligned to the first gate electrodes 33. The first active
region 23 may be formed in a Z-shape by the trenches 65T.

Referring to FIG. 2, the first active region 23 may include
afirst side surface 2381 and second side surface 2352 formed
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by the trenches 65T. The first side surface 23S1 may be
referred to as an upper side surface, and the second side
surface 23S2 may be referred to as a lower side surface. The
strain-inducing pattern 75 may be in direct contact with the
first side surface 2351 and the second side surface 23S2. The
second side surface 23S2 may be formed below the first side
surface 23S1. The first side surface 2351 may be located at the
first LDD 55. The second side surface 23S2 may be located at
the first LDD 585, the first halo 57, and the first active region
23. A first edge E1 may be formed between an upper surface
23SU of the first active region 23 and the first side surface
23S1. A second edge E2 may be present between the first side
surface 2351 and the second side surface 2352 of the first
active region 23. The first edge E1 may be referred to as an
upper edge, and the second edge E2 may be referred to as an
intermediate edge.

The upper surface 23SU of the first active region 23 may
extend to an outer side of the first gate electrode 33. The first
edge E1 may be located below the first outer spacers 81. The
first edge E1 may be located at a surface of the first LDD 55.
The second edge E2 may be formed at an outer side of the first
gate electrode 33. The second edge E2 may be located at a
surface of the first LDD 55.

A vertical line that is perpendicular to the horizontal direc-
tion of extension of the substrate 21 and intersects a side
surface 338 of the first gate electrode 33 may be defined as a
first vertical line V1. A vertical line that is perpendicular to the
substrate 21, is parallel to the first vertical line V1, and inter-
sects the second edge E2 may be defined as a second vertical
line V2. A vertical line that is perpendicular to the substrate
21, is parallel to the second vertical line V2, and intersects the
first edge E1 may be defined as a third vertical line V3.

A horizontal line that is orthogonal to the first vertical line
V1 and passes an upper end of the first active region 23 may
be defined as a first horizontal line H1. A horizontal line that
is parallel to the first horizontal line H1 and intersects the first
edge E1 may be defined as a second horizontal line H2. A
horizontal line that is parallel to the second horizontal line H2
and intersects the second edge E2 may be defined as a third
horizontal line H3. A horizontal line that is parallel to the third
horizontal line H3 and intersects a bottom of the trench 65T
may be defined as a fourth horizontal line H4.

The second side surface 2352 may form a second angle of
intersection 62 with respect to the fourth horizontal line H4.
The first side surface 23S1 may form a third angle of inter-
section 03 with respect to the second horizontal line H2. In
some embodiments, the second angle of intersection 62 may
range from 50 to 60 degrees. For example, the second angle of
intersection 62 may be 55 degrees. In some embodiments, the
third angle of intersection 63 may range 30 to 40 degrees. For
example, the third angle of intersection 63 may be 35 degrees.

With regard to the first vertical line V1, the distance
between the first horizontal line H1 and the third horizontal
line H3 may be defined as a first vertical distance Y1, and the
distance between the third horizontal line H3 and the fourth
horizontal line H4 may be defined as a second vertical dis-
tance Y2. The first vertical distance Y1 may be interpreted as
avertical distance from an upper end of the first active region
23 to the second edge E2, and the second vertical distance Y2
may be interpreted as a vertical distance from the second edge
E2toalower end ofthe trench 65T. In some embodiments, the
first vertical distance Y1 may be smaller than the second
vertical distance Y?2.

With regard to the second horizontal line H2, the distance
between the first vertical line V1 and the third vertical line V3
may be defined as a first horizontal distance X1. With regard
to the third horizontal line H3, the distance between the first
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vertical line V1 and the second vertical line V2 may be
defined as a second horizontal distance X2. The first horizon-
tal distance X1 may be interpreted as an offset distance of the
first edge E1 from the first gate electrode 33, and the second
horizontal distance X2 may be interpreted as an offset dis-
tance of the second edge E2 from the first gate electrode 33. In
some embodiments first horizontal distance X1 may be
greater than the second horizontal distance X2.

In some embodiments, the second horizontal distance X2
may be 0.001 nm to 5 nm. For example, the second horizontal
distance X2 may be about 3 nm. In some embodiments, the
first horizontal distance X1 may be one to 1.5 times the first
vertical distance Y1.

Surfaces or edges of the upper surface 23SU, the first edge
E1, the first side surface 23S1, the second edge E2, the second
side surface 23S2, and the fourth horizontal line H4 may be
combined or connected to generally form a X-shaped struc-
ture. By a “Z-shaped” structure or “Z-shape”, in embodi-
ments of the present inventive concepts, such a description is
meant to include structures that generally form such a con-
figuration or structure, and can include curved or irregular
surfaces and corners, as well as straight surfaces and sharp
corners.

Referring to FIG. 3A, the strain-inducing pattern 75 may
pass through the first LDD regions 55 and the first halo
regions 57 to extend into the first active region 23. The strain-
inducing pattern 75 may include a first surface 7551, a second
surface 75S2, and a third surface 75S3. The first surface 7551
may be in contact with the first edge E1, and have a different
slope relative to horizontal with respect to the first side sur-
face 23S1 of the first active region 23. The first surface 7551
may have a similar slope to the upper surface 23SU of the first
active region 23 adjacent to the first edge E1, for example, in
some embodiments, they can be parallel to each other.

The third surface 7583 may be positioned on an upper end
of the strain-inducing pattern 75. The second surface 7552
may be positioned between the first surface 7551 and the third
surface 7583, and in direct contact with the first surface 7551
and the third surface 75S3. The second surface 75S2 may
have a different slope relative to the first surface 7551 and the
third surface 75S3. The first outer spacer 81 may be in direct
contact with the first LDD 55, the first edge E1, the first
surface 7551, the second surface 75S2, and the third surface
5S3.

Referring to FIG. 3B, a lower end of the strain-inducing
pattern 75 may be formed at a higher level than bottoms of the
first halos 57.

Referring to FIG. 4A, the upper surface 23 SU of the first
active region 23 may include a variety of step geometries. For
example, in some embodiments, the boundary between the
first active region 23 and the first re-oxidation layer 41 may be
formed at a lower level than the boundary between the first
active region 23 and the first gate dielectric layer 31. In some
embodiments, the boundary between the first LDD 55 and the
first inner spacer 43 may be formed at a lower level than the
boundary between the first active region 23 and the first
re-oxidation layer 41. In some embodiments, the boundary
between the first LDD 55 and the first outer spacer 81 may be
formed at a lower level than the boundary between the first
LDD 55 and the first inner spacer 43.

Referring to FIG. 4B, in some embodiments, the first outer
spacers 81 may include a first material layer 81 A and a second
material layer 81B disposed on the first material layer 81A.

Referring to FIG. 4C, in some embodiments, the first re-
oxidation layers 41 may be omitted. The first inner spacers 43
may be in contact with the first gate electrodes 33.
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Referring to FIG. 4D, in some embodiments, the upper
surface 23 SU of'the first active region 23 may be horizontal.

Referring to FIG. 4E, in some embodiments, the first LDD
55 and the first halo 57 may be omitted.

Referring to FIG. 4F, in some embodiments, the first and
second metal silicide patterns 91 and 93 may be omitted. In
such an embodiment, the first gate electrode 33 may comprise
a conductive layer such as a polysilicon layer.

Referring to FIG. 4G, in some embodiments, a first lower
gate electrode 33 A and a first upper gate electrode 33B may
be sequentially formed on the first gate dielectric layer 31.
The firstre-oxidation layers 41 may be omitted. The first inner
spacers 43 may be in contact with the first lower gate elec-
trode 33A and the first upper gate electrode 33B. For
example, the first lower gate electrode 33A may be a metal
layer, and the first upper gate electrode 33B may be a poly-
silicon layer.

Referring to FIG. 4H, in some embodiments, the first gate
electrode 33 may be formed on the first gate dielectric layer
31. For example, the first gate electrode 33 may comprise a
metal layer.

Referring to FIG. 41, in some embodiments, a first lower
gate dielectric layer 31A, a first upper gate dielectric layer
31B, and the first gate electrode 33 may be formed on the first
active region 23. The first lower gate dielectric layer 31A may
be in direct contact with the first active region 23. The first
lower gate dielectric layer 31A may be referred to as an
interface layer. For example, the first lower gate dielectric
layer 31 A may include silicon oxide formed by a wet cleaning
process. The first upper gate dielectric layer 31B may sur-
round a side surface and bottom of the first gate electrode 33.
For example, the first upper gate dielectric layer 31B may
include a high-K material. The first gate electrode 33 may be
a metal layer.

FIG. 5A is a layout for illustrating a semiconductor device
in accordance with embodiments of the inventive concepts.
FIG. 5B is an enlarged view showing certain components of
FIG. 5A in detail, and FIGS. 5C and 5D are enlarged views
showing certain components of FIG. 5B in detail.

Referring to FIG. 5A, a plurality of first gate electrodes 33
crossing a first active region 23 may be formed. A strain-
inducing pattern 75 may be formed within the first active
region 23 between the first gate electrodes 33.

Referring to FIGS. 5B to 5D, the first active region 23 may
include a first edge E1 and a second edge E2. The distance
between the first edge E1 and the first gate electrode 33 may
be defined as a first horizontal distance X1. The second edge
E2 may demonstrate a tendency to become closer in proxim-
ity to the first gate electrode 33 with the approach from a
center to an edge of the first active region 23. In other embodi-
ments, the second edge E2 may demonstrate a tendency to
become distant from the first gate electrode 33 with the
approach from the center to the edge of the first active region
23.

The distance between the second edge E2 and the first gate
electrode 33 in the vicinity of the center of the first active
region 23 may be defined as a second horizontal distance
X21, and the distance between the second edge E2 and the
first gate electrode 33 in the vicinity of the edge of the first
active region 23 may be defined as a third horizontal distance
X22. According to the embodiments of the inventive con-
cepts, the difference between the second horizontal distance
X21 and the third horizontal distance X22 may be signifi-
cantly improved, as compared to that achievable in the related
art. In various embodiments of the present inventive concepts,
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the difference between the second horizontal distance X21
and the third horizontal distance X22 may be equal to or less
than 1 nm.

FIG. 6 is a layout for describing a semiconductor device in
accordance with embodiments of the inventive concepts, and
FIG. 7 is a cross-sectional view.

Referring to FIG. 6, the semiconductor chip 100 may
include a first region 101P and a second region 102. A plu-
rality of PMOS transistors may be formed in the first region
101P and the second region 102. The second region 102 may
have a higher pattern density than the first region 101P. For
example, the first region 101P may have an active open den-
sity of 5% or less, and the second region 102 may have an
active open density of 5% to 15%.

The semiconductor chip 100 may be a microprocessor. The
semiconductor chip 100 may include a memory area 101. The
memory area 101 may include the first region 101P and a cell
array 101C. The cell array 101C may include memory cells
such as an SRAM. The first region 101P may be positioned at
the periphery of the cell array 101C, and referred to as an
SRAM-peri. The second region 102 may be positioned adja-
cent to the memory area 101. The second region 102 may be
referred to as a logic area.

Referring to FIGS. 6 and 7, in some embodiments, the first
region 101P may include a first n-well 122 and first device
isolation layer 129 formed on the substrate 121. A first active
region 123 may be defined within the first n-well 122 by the
first device isolation layer 129. First gate dielectric layers
131, first gate electrodes 133, first re-oxidation layers 141,
first inner spacers 143, and first outer spacers 181 may be
formed on the first active region 123. First LDDs 155 and first
halos 157 may be formed within the first active region 123.
First trenches 165T offset-aligned to the first gate electrodes
133 may be formed on the first active region 123. The first
active region 123 may be formed in a first Z-shaped configu-
ration by the first trenches 165T. A first lower semiconductor
layer 171, a first intermediate semiconductor layer 172, a first
upper semiconductor layer 173, first P-source/drains 189, and
first metal silicide patterns 191 and 193 may be formed in the
first trenches 165T. The first lower semiconductor layer 171,
the first intermediate semiconductor layer 172, and the first
upper semiconductor layer 173 may constitute a first strain-
inducing pattern 175. A first etch-stopping layer 195 and a
first interlayer insulating layer 197 may be formed on the
substrate 121.

The second region 102 may include a second n-well 222
and a second device isolation layer 229 formed on the sub-
strate 121. A second active region 223 may be defined within
the second n-well 222 by the second device isolation layer
229. Second gate dielectric layers 231, second gate electrodes
233, second re-oxidation layers 241, second inner spacers
243, and second outer spacers 281 may be formed on the
second active region 223. Second LDDs 255 and second halos
257 may be formed in the second active region 223. Second
trenches 26571 offset-aligned to the second gate electrodes
233 may be formed in the second active region 223. The
second active region 223 may be formed in a second Z-shaped
configuration by the second trenches 265T. A second lower
semiconductor layer 271, a second intermediate semiconduc-
tor layer 272, a second upper semiconductor layer 273, sec-
ond P-source/drains 289, and second metal silicide patterns
291 and 293 may be formed in the second trenches 265T. The
second lower semiconductor layer 271, the second interme-
diate semiconductor layer 272, and the second upper semi-
conductor layer 273 may constitute a second strain-inducing
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pattern 275. A second etch-stopping layer 295 and a second
interlayer insulating layer 297 may be formed on the substrate
121.

A vertical line that is perpendicular to the substrate 121 and
passes a side surface of the first gate electrode 133 may be
defined as a first vertical line V111, and a vertical line that is
perpendicular to the substrate 121 and passes a side surface of
the second gate electrode 233 may be defined as a second
vertical line V211. The shortest distance between the first
vertical line V111 and the first trench 165T may be defined as
afirst horizontal distance X31. The shortest distance between
the second vertical line V211 and the second trench 265T may
be defined as a second horizontal distance X32. In some
embodiments, the difference between the first horizontal dis-
tance X31 and the second horizontal distance X32 may be 1
nm or less. According to the embodiments of the inventive
concepts, a difference between the first horizontal distance
X31 and the second horizontal distance X32 may be signifi-
cantly decreased as compared to the related art. In other
words, the pattern loading effect may be minimized.

FIG. 8A is alayout diagram for describing a semiconductor
device in accordance with embodiments of the inventive con-
cepts, and FIG. 8B is a cross-sectional view taken along lines
I-I' and II-II' of FIG. 8A.

Referring to FIGS. 8A and 8B, a gate electrode 333 cross-
ing an active region 323 may be provided on a substrate 321.
The active region 323 may have a fin shape or a wire shape.
The gate electrode 333 may cover upper and side surfaces of
the active region 323. Trenches offset-aligned to the gate
electrode 333 may be formed within the active region 323. A
strain-inducing pattern 375 may be formed in the trenches.
The strain-inducing pattern 375 may be offset-aligned rela-
tive to the gate electrode 333.

In some embodiments, the active region 323 may be
defined within an n-well 322 on the substrate 321. A gate
dielectric layer 331 may be formed between the active region
323 and the gate electrode 333. Re-oxidation layers 341,
inner spacers 343, and outer spacers 381 may be formed on
side surfaces of the gate electrode 333. LDDs 355 may be
formed within the active region 123. The LDDs 355 may
cover side surfaces and bottom of the strain-inducing pattern
375. An etch stopping layer 395 and interlayer insulating
layer 397 may be formed on the substrate 321.

FIG. 9 is a flowchart for describing a method of forming a
semiconductor device in accordance with embodiments of
the inventive concepts, and FIGS. 10,11, 12A, 13A, 14A, 15,
16, 17A, 18A, 19, 20A, 20B, 21, 22A, 23, and 24 are cross-
sectional views for describing methods of forming semicon-
ductor devices in accordance with embodiments of the inven-
tive concepts. FIGS. 12B, 12C, 13B, 14B, 17B, 18B, and 22B
are enlarged views showing some configuration elements of
FIGS. 12A, 13A, 14A, 17A, 18A, and 22A, respectively.

Referring to FIG. 9, the method of forming a semiconduc-
tor device in accordance with embodiments of the inventive
concepts may include forming a gate structure (S110), form-
ing a first trench (S120), forming a second trench (S130),
forming a third trench (S140), forming a first semiconductor
layer (S150), forming a second semiconductor layer (S160),
forming a third semiconductor layer (S170), forming a sili-
cide layer (S180), and forming an interlayer insulating layer
(S190). Hereinafter, the method will be described with refer-
ence to process-specific drawings, in detail.

Referring to FIGS. 9 and 10, first gate structures 31,33, 35,
and 37, and second gate structures 32, 34, 36, and 38 may be
formed on a substrate 21 (S110).

The substrate 21 may be a single crystalline semiconductor
substrate such as a silicon wafer. For example, the substrate
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21 may include single crystalline silicon having p-type impu-
rities. A device isolation layer 29 defining a first active region
23 and second active region 24 may be formed on the sub-
strate 21. The device isolation layer 29 may be formed using
a shallow trench isolation (STI) process. The device isolation
layer 29 may include silicon oxide, silicon nitride, silicon
oxynitride, or a combination thereof. The first active region
23 may be defined within the n-well 22 formed on a prede-
termined area of the substrate 21. The first active region 23
may include single crystalline silicon having n-type impuri-
ties. The second active region 24 may include single crystal-
line silicon having p-type impurities.

First and second gate dielectric layers 31 and 32, first and
second gate electrodes 33 and 34, first and second buffer
patterns 35 and 36, and first and second mask patterns 37 and
38 may be formed on the substrate 21. The first gate dielectric
layers 31, the first gate electrodes 33, the first buffer patterns
35, and the first mask patterns 37 may be sequentially stacked
on the first active region 23. The first gate dielectric layers 31,
the first gate electrodes 33, the first buffer patterns 35, and the
first mask patterns 37 may be formed as the first gate struc-
tures 31,33, 35, and 37. Each of the first gate structures 31, 33,
35, and 37 may cross the first active region 23, and extend
onto the device isolation layer 29.

The first gate dielectric layers 31 may comprise, in some
embodiments, silicon oxide, silicon nitride, silicon oxyni-
tride, a high-K dielectric layer, or a combination thereof. The
first gate electrodes 33 may comprise, in some embodiments,
polysilicon, metal silicide, metal, a metal oxide, metal nitride,
conductive carbon, or a combination thereof. For example,
the first gate electrodes 33 may include polysilicon layer
having p-type impurities. The first buffer patterns 35 and the
first mask patterns 37 may comprise different materials with
respect to each other. For example, the first buffer patterns 35
may include silicon oxide, and the first mask patterns 37 may
include silicon nitride. The first buffer patterns 35 and the first
mask patterns 37 may be formed as hard mask patterns.

The second gate dielectric layer 32, the second gate elec-
trode 34, the second buffer pattern 36, and the second mask
pattern 38 may be sequentially stacked on the second active
region 24. The second gate dielectric layer 32, the second gate
electrode 34, the second buffer pattern 36, and the second
mask pattern 38 may be formed as the second gate structures
32, 34, 36, and 38.

In some embodiments, the second gate dielectric layer 32
may include silicon oxide, silicon nitride, silicon oxynitride,
a high-K dielectric layer, or a combination thereof. The sec-
ond gate electrode 34 may include polysilicon, metal silicide,
metal, metal oxide, metal nitride, conductive carbon, or a
combination thereof. For example, the second gate electrode
34 may include a polysilicon layer having n-type impurities.
The second bufter pattern 36 may include silicon oxide, and
the second mask pattern 38 may include silicon nitride.

First re-oxidation layers 41 may be formed on side surfaces
of'the first gate electrodes 33. The first re-oxidation layers 41
may include silicon oxide such as thermal oxide. Second
re-oxidation layers 42 may be formed on side surfaces of the
second gate electrode 34. The second re-oxidation layers 42
may include silicon oxide such as thermal oxide. In other
embodiments, the first re-oxidation layers 41 or the second
re-oxidation layers 42 may be omitted.

First inner spacers 43 may be formed on side surfaces of the
first gate structures 31, 33, 35, and 37. The first inner spacers
43 may cover outer sides of the first re-oxidation layers 41,
and be in contact with the first active region 23. The first inner
spacers 43 may include an insulating layer such as silicon
oxide. Second inner spacers 44 may be formed on side sur-
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faces of the second gate structures 32, 34, 36, and 38. The
second inner spacers 44 may cover outer sides of the second
re-oxidation layers 42, and be in contact with the second
active region 24. The second inner spacers 44 may include an
insulating layer such as silicon oxide. The formation of the
first inner spacers 43 and the second inner spacers 44 may
include, in some embodiments, a thin film formation process
and an anisotropic etch process. The first active region 23,
second active region 24, and device isolation layer 29 dis-
posed outer sides of the first inner spacers 43 and second inner
spacers 44 may be partly recessed.

First LDDs 55 and first halos 57 may be formed using the
first gate structures 31,33, 35, and 37, the first re-oxidation
layers 41, and the first inner spacers 43 as an ion implantation
mask. The first LDDs 55 may be formed within the first active
region 23 adjacent to outer sides of the first gate electrodes 33.
The first LDDs 55 may be diffused under the first inner
spacers 43. The first LDDs 55 may include conductivity type
impurities that are different from those of the n-well 22. For
example, the first LDDs 55 may include p-type impurities.

The first halos 57 may be formed at alower level than upper
ends of the first LDDs 55. The first halos 57 may cover a
bottom of the first LDDs 55, and partly cover side surfaces of
the first LDDs 55. For example, the first halos 57 may be
formed to surround lower parts of the first LDDs 55. The first
halos 57 may include different conductivity type impurities
relative to the first LDDs 55, and have the same conductivity
type impurities as the n-well 22. For example, the first halos
57 may include n-type impurities. The concentration of the
n-type impurities in the first halos 57 may be higher than that
of the n-well 22.

A sacrificial spacer layer 50 conformally covering the
entire substrate 21 may be formed. The sacrificial spacer layer
50 may cover outer side surfaces of the first inner spacers 43
and the second inner spacers 44. The sacrificial spacer layer
50 may have an etch selectivity with respect to the first inner
spacers 43 and second inner spacers 44. For example, in some
embodiments, the sacrificial spacer layer 50 may include
silicon nitride.

The third mask pattern 53 may be formed on the sacrificial
spacer layer 50. The third mask pattern 53 may be a photore-
sist pattern. The third mask pattern 53 may cover the second
active region 24 and expose the first active region 23. The
third mask pattern 53 may partly cover the device isolation
layer 29.

In other embodiments, the first LDDs 55 or the first halos
57 may be formed after the sacrificial spacer layer 50 is
formed. In still other embodiments, the first LDDs 55 or the
first halos 57 may be formed after third mask pattern 53 is
formed.

Referring to FIGS. 9 and 11, sacrificial spacers 50S may be
formed by anisotropically etching the sacrificial spacer layer
50 using the third mask pattern 53 as an etch mask. The
sacrificial spacers 50S may cover outer side of the first inner
spacers 43. The sacrificial spacers 50S may be in contact with
the upper surface of the first LDDs 55. The first LDDs 55 may
be exposed to outer sides of the sacrificial spacers 50S. Lower
ends of the sacrificial spacers 50S may be formed at a lower
level than those of the first gate dielectric layers 31. The
sacrificial spacer layer 50 may be retained on the second
active region 24.

Referring to FIGS. 9 and 12 A, the third mask pattern 53 is
removed, and first trenches 61T may be formed by etching the
first active region 23 using the first gate structures 31,33, 35,
and 37, the first inner spacers 43, and the sacrificial spacers
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505 as an etch mask (S120). The sacrificial spacer layer 50
may be exposed on the second active region 24 by removing
the third mask pattern 53.

To form the first trenches 61T, an anisotropic etch process
using HBr, CF,, O,, Cl,, NF;, or a combination thereof may
be applied. Each of the first trenches 61T may have U-shape.
The device isolation layer 29 may be partly recessed while the
first trenches 61T are formed.

Referring to FIG. 12B, each of the first trenches 61T may
have a shape in which a lower part thereof is narrower than an
upper part thereof. A sidewall of the first trench 61T may be
formed so as to have a first angle of intersection 61 with
respect to a horizontal line passing a bottom of the first trench
61T. The first angle of intersection 61 may range from 86 to
89 degrees. The first trenches 61T may be located in the first
LDDs 55. The first LDDs 55 may be exposed to the sidewalls
and bottoms of the first trenches 61T. The bottoms of the first
trenches 61T may be formed at a higher level than those of the
first LDDs 55.

Referring to FIG. 12C, the first trenches 61T may option-
ally pass through the first LDDs 55 to extend in the first halos
57. The first LDDs 55 and the first halos 57 may be exposed
to the sidewalls of the first trenches 61T. In this example, the
first halos 57 may be further optionally exposed to the bot-
toms of the first trenches 61T.

Referring to FIGS. 9 and 13 A, second trenches 62T may be
formed by etching sidewalls and bottoms of the first trenches
61T using an isotropic etch process (S130). The second
trenches 62T may be formed in the first active region 23.
Sidewalls of the second trenches 62T may be rounded. To
form the second trenches 62T, a dry etch process, a wet etch
process, or a combination thereof may be used. In some
embodiments, the dry etch process may use HBr, CF,, O,,
Cl,, NF, or a combination thereof. The wet etch process may
use a standard clean-1 (SC-1) solution, HF, or a combination
thereof. The formation of the first trenches 61T and the sec-
ond trenches 62T may include an in-situ or ex-situ process.

Referring to FIG. 13B, the first LDDs 55 and the first halo
57 may be exposed to sidewalls of the second trench 627T. The
first halos 57 may be exposed to a bottom of the second trench
62T. The first LDDs 55 may be retained below the first inner
spacers 43 and the sacrificial spacers 50S. Undercuts may be
formed at lower parts of the sacrificial spacers 505 due to the
presence of and positioning of second trench 62T. A first
width d1 of bottom surfaces of the sacrificial spacers 50S may
be exposed. As shown in FIG. 13B, a composite form of the
first trench 61T and the second trench 62T may be interpreted
as a semi-isotropic shape.

A vertical line that is perpendicular to the substrate 21 and
that passes, or intersects, a side surface of the first gate elec-
trode 33 may be defined as a first vertical line V1. A point that
is the closest from the first vertical line V1 at a sidewall of the
second trench 62T may be defined as a first point P1. The first
point P1 may be located at a side surface of the first LDD 55.
In some embodiments, the first point P1 may be located
between the bottom and the top of the first LDD 55.

In accordance with the embodiments of the inventive con-
cepts, since the first trench 61T are formed using the isotropic
etch process, a pattern loading effect can be minimized. The
widths of the first trenches 61T can have very uniform distri-
bution throughout the substrate 21. Also, since the second
trenches 62T are formed using the isotropic etch process, a
location of the first point P1 can be easily controlled. The first
point P1 can be formed at a desired location by adjusting an
amount of etching of the first trench 61T and the second
trench 62T. The first point P1 can be formed at very uniform
locations throughout the substrate 21.
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Referring to FIGS. 9 and 14A, third trenches 63T may be
formed using a directional etch process (S140). The first
trenches 61T, the second trenches 62T, and the third trenches
63T may configure trenches 65T. The third trenches 63T may
be formed using NH,OH, NH,OH, tetra-methyl-ammonium-
hydroxide (TMAH), KOH, NaOH, benzyltrimethylammo-
nium hydroxide (BTMH), or a combination thereof. The third
trenches 63T may pass through the first LDDs 55 and the first
halos 57 to extend into the first active region 23. The first
LDDs 55, the first halos 57, and the first active region 23 may
be exposed within the trenches 65T.

In the directional etch process, etch rates may be different
depending on a crystallographic direction of the first active
region 23. The directional etch process may show a high etch
rate with respect to <100> and <110> among the crystallo-
graphic directions of the first active region 23. The directional
etch may show a very low etch rate with respect to <111>
among the crystallographic directions of the first active
region 23. The trenches 65T and the first active region 23 may
be formed in a sigma shape, as described herein.

Referring to FIG. 14B, a first side surface 23S1 and second
side surface 23S2 of the first active region 23 may be exposed
in the trenches 65T. The second side surface 23S2 may be
formed under the first side surface 23S1. The first LDD 55
may be exposed to the first side surface 23S1. The first LDD
55, the first halo 57, and the first active region 23 may be
exposed to the second side surface 23S2. A first edge E1 may
be formed between an upper surface 23SU and the first side
surface 2351 of the first active region 23. A second edge E2
may be formed between the first side surface 23S1 and the
second side surface 2352 of the first active region 23.

In some embodiments, the upper surface 23SU of the first
active region 23 may extend to an outer side of the first gate
electrode 33. In some embodiments, the first edge E1 may be
located under the sacrificial spacers 505. In some embodi-
ments, the first edge E1 may be located on a surface of the first
LDD 55. In some embodiments, the second edge E2 may be
located at an outer side of the first gate electrode 33. In some
embodiments, the second edge E2 may be located on the
surface of the first LDD 55.

A vertical line that is perpendicular to the substrate 21 and
intersects or passes a side surface 33S of the first gate elec-
trode 33 may be defined as a first vertical line V1. A vertical
line that is perpendicular to the substrate 21, is parallel to the
first vertical line V1, and intersects or passes the second edge
E2 may be defined as a second vertical line V2. A vertical line
that is perpendicular to the substrate 21, is parallel to the
second vertical line V2, and intersects or passes the first edge
E1 may be defined as a third vertical line V3.

A horizontal line that is perpendicular to the first vertical
line V1 and intersects or passes an upper end of the first active
region 23 may be defined as a first horizontal line H1. A
horizontal line that is perpendicular to the first horizontal line
H1 and intersects or passes the first edge E1 may be defined as
a second horizontal line H2. A horizontal line that is parallel
to the second horizontal line H2 and intersects or passes the
second edge E2 may be defined as a third horizontal line H3.
A horizontal line that is parallel to the third horizontal line H3
and intersects or passes a bottom of the trench 65T may be
defined as a fourth horizontal line H4.

The second side surface 2352 may form a second angle of
intersection 62 with respect to the fourth horizontal line H4.
The first side surface 23S1 may form a third angle of inter-
section 63 with respect to the second horizontal line H2. The
second angle of intersection 62 may range from 50 degrees to
60 degrees. For example, the second angle of intersection 62
may be 55 degrees. The third angle of intersection 63 may be
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may range from 30 to 40 degrees. For example, the third angle
of intersection 63 may be 35 degrees.

In the first vertical line V1, the distance between the first
horizontal line H1 and the third horizontal line H3 may be
defined as a first vertical distance Y1, and the distance
between the third horizontal line H3 and the fourth horizontal
line H4 may be defined as a second vertical distance Y2. The
first vertical distance Y1 may be interpreted as a vertical
distance between the top of the first active region 23 and the
second edge E2, and the second vertical distance Y2 may be
interpreted as a vertical distance between the second edge E2
and the bottom of the trench 65T. In some embodiments, the
first vertical distance Y1 may be smaller than the second
vertical distance Y?2.

In the second horizontal line H2, the distance between the
first vertical line V1 and the third vertical line V3 may be
defined as a first horizontal distance X1. In the third horizon-
tal line H3, the distance between the first vertical line V1 and
the second vertical line V2 may be defined as the second
horizontal distance X2. The first horizontal distance X1 may
be interpreted as an offset distance between the first edge E1
and the first gate electrode 33, and the second horizontal
distance X2 may be interpreted as an offset distance between
the second edge E2 and the first gate electrode 33. The first
horizontal distance X1 may be greater second horizontal dis-
tance X2.

The second horizontal distance X2 may be between 0.001
nm and 5 nm. For example, the second horizontal distance X2
may be about 3 nm. The first horizontal distance X1 may be
one to 1.5 times the first vertical distance Y1.

In accordance with the embodiments of the inventive con-
cepts, since the first trenches 61T is formed using an aniso-
tropic etch process, a pattern loading effect can be minimized.
The width of the first trenches 61T can have very uniform
distribution throughout the substrate 21. Since the second
trenches 627 is formed using an isotropic etch process, the
location of the first point P1 can be easily controlled. The first
point P1 is formed at a desired position by controlling an
amount of etching of the first trench 61T and the second
trench 62T. The first point P1 can be located at uniform
positions throughout the substrate 21. The location of the
second edge E2 can be controlled by adjusting the position of
the first point P1. The locations of the first edge E1 and the
second edge E2 can be controlled by using the first trench
61T, the second trench 62T, and the third trench 63T. A
difference between the locations of the first edge E1 and the
second edge E2 may be significantly improved throughout the
substrate 21, compared to the related art.

Referring to FIGS. 9 and 15, a first semiconductor layer 71
may be formed in the trenches 65T using a selective epitaxial
growth (SEG) process (S150). The first semiconductor layer
71 may cover inner walls of the trenches 65T. The first semi-
conductor layer 71 may be in direct contact with the first
LDDs 55, the first halos 57, and the first active region 23.

In some embodiments, the first semiconductor layer 71
may include SiGe. In some embodiments, the first semicon-
ductor layer 71 may include p-type impurities. For example,
the first semiconductor layer 71 may include B. In some
embodiments, the p-type impurities in the first semiconductor
layer 71 may have a higher concentration than those in the
first LDDs 55. In some embodiments, a content of Ge content
in the first semiconductor layer 71 may be 5% to 25%. For
example, the content of Ge in the first semiconductor layer 71
may be about 25%.
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Referring to FIGS. 9 and 16, a second semiconductor layer
72 may be formed on the first semiconductor layer 71 using an
SEG process (S160). The second semiconductor layer 72 may
fully fill the trenches 65T.

In some embodiments, the second semiconductor layer 72
may include SiGe. In some embodiments, the second semi-
conductor layer 72 may include p-type impurities. For
example, the second semiconductor layer 72 may include B.
In some embodiments, the p-type impurities in the second
semiconductor layer 72 may have a higher concentration than
those in the first semiconductor layer 71. In some embodi-
ments, the Ge content in the second semiconductor layer 72
may be 25% to 50%. For example, the Ge content in the
second semiconductor layer 72 may be about 35%.

Referring to FIGS. 9 and 17A, a third semiconductor layer
73 may be formed on the second semiconductor layer 72
using an SEG process (S170). Collectively, the first semicon-
ductor layer 71, the second semiconductor layer 72, and the
third semiconductor layer 73 may constitute a strain-inducing
pattern 75.

In some embodiments, the third semiconductor layer 73
may include SiGe or Si. In some embodiments, the third
semiconductor layer 73 may include p-type impurities. For
example, the third semiconductor layer 73 may include B. In
some embodiments, the p-type impurities in the third semi-
conductor layer 73 may have a concentration similar to that of
the p-type impurities in the second semiconductor layer 72. In
some embodiments, the Ge content in the third semiconduc-
tor layer 73 may be 0% to 10%. For example, the third
semiconductor layer 73 may be single crystalline silicon.

Referring to FIG. 17B, in some embodiments, an upper
surface of the strain-inducing pattern 75 may fully fill the
trench 65T, and protrude at a higher level relative to the upper
end of the first active region 23.

Referring to FIGS. 9 and 18A, the sacrificial spacers 50S
and the sacrificial spacer layer 50 may be removed to expose
the first active region 23 and the second active region 24.
While removing the sacrificial spacers 50S and the sacrificial
spacer layer 50, the first and second mask patterns 37 and 38
may be removed. The first LDDs 55 may be exposed between
the first inner spacers 43 and the strain-inducing pattern 75.

Referring to FIG. 18B, the strain-inducing pattern 75 may
include a first surface 7551, a second surface 7582, and a third
surface 75S3. The first surface 7551 may be in contact with
the first edge E1, and has a different slope relative to the first
side surface 23S1 of the first active region 23. The first surface
7551 may have a similar slope to the upper surface 23SU of
the first active region 23 adjacent to the first edge E1. For
example, they may be parallel to each other. An angle of
intersection between the first surface 7581 and the second
horizontal line H2 may be smaller than third angle of inter-
section 03.

The third surface 75583 may be formed at an upper end of
the strain-inducing pattern 75. The second surface 7552 may
be formed between the first surface 7551 and the third surface
7583, and in contact with the first surface 7551 and the third
surface 75S3. The second surface 75 S2 may have a different
slope from the first surface 75S1 and the third surface 75S3.
The second surface 75S2 may have a similar angle to the first
vertical line V1.

Referring to FIGS. 9 and 19, a fourth mask pattern 77
covering the n-well 22 and exposing the second active region
24 may be formed. The fourth mask pattern 77 may include a
photoresist layer.

A second LDDs 78 and a second halos 80 may be formed
using the fourth mask pattern 77, the second gate electrode
34, the second buffer pattern 36, and the second inner spacers
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44 as an ion-implantation mask. The second LDDs 78 may
include different conductivity type impurities from the sec-
ond active region 24. For example, the second L.DDs 78 may
include n-type impurities. The second halos 80 may include
different conductivity type impurities from the second L.DDs
78, and the second halos 80 may include the same conductiv-
ity type impurities as the second active region 24. For
example, the second halos 80 may include p-type impurities.

Referring to FIGS. 9 and 20A, the fourth mask pattern 77
may be removed, and first outer spacers 81 and second outer
spacers 82 may be formed. The first outer spacers 81 may
cover outer sides of the first inner spacers 43. The second
outer spacers 82 may cover outer side of the second inner
spacers 44. In some embodiments, the first outer spacers 81
and the second outer spacers 82 may be formed using a
thin-film formation process and an anisotropic etch process.
In some embodiments, the first outer spacers 81 and the
second outer spacers 82 may include silicon oxide, silicon
nitride, silicon oxynitride, or a combination thereof. For
example, the first outer spacers 81 and the second outer spac-
ers 82 may include silicon nitride.

Referring to FIG. 20B, a first outer spacer 81 and second
outer spacers 82A and 82B may include a first material layer
81A and 82A and a second material layer 81B and 82B
disposed on the first material layer 81A and 82A. For
example, the first material layer 81A and 82A may include
silicon oxide, and the second material layer 81B and 82B may
include silicon nitride.

Referring to FIGS. 9 and 21, a fifth mask pattern 83 cov-
ering the n-well 22 region and exposing the second active
region 24. The fifth mask pattern 83 may include a photoresist
layer.

N-source/drains 84 may be formed using the fifth mask
pattern 83, the second gate electrode 34, the second buffer
pattern 36, the second inner spacers 44, and the second outer
spacers 82 as an ion-implantation mask. The second LDDs 78
may be retained under the second inner spacers 44 and the
second outer spacers 82. The N-source/drains 84 may include
n-type impurities.

Referring to FIGS. 9 and 22A, the fifth mask pattern 83
may be removed, and a sixth mask pattern 87 covering the
second active region 24 may be formed. The sixth mask
pattern 87 may include a photoresist layer. P-source/drains 89
may be formed using the sixth mask pattern 87, the first gate
electrodes 33, the first buffer patterns 35, the first inner spac-
ers 43, and the first outer spacers 81 as an ion-implantation
mask. The P-source/drains 89 may include p-type impurities.
The P-source/drains 89 may be formed on the upper end
portion of the strain-inducing pattern 75. For example, the
P-source/drains 89 may be formed at a higher level than a
bottom of the first LDD 55.

Referring to FIG. 22B, in some embodiments, the
P-source/drains 89 may extend to a lower level than the first
LDD 55. The P-source/drains 89 may extend to a part of the
first LDD 55 adjacent to the strain-inducing pattern 75.

Referring to FIGS. 9 and 23, the sixth mask pattern 87, the
first buffer patterns 35, and the second buffer pattern 36 may
be removed to expose the first gate electrodes 33, the second
gate electrode 34, the P-source/drains 89, and the N-source/
drains 84. Metal silicide patterns 91, 92, 93, 94 may be
formed on the first gate electrodes 33, the second gate elec-
trode 34, the P-source/drains 89, and the N-source/drains 84
(S180).

The metal silicide patterns 91, 92, 93, 94 may include first
metal silicide patterns 91 formed on upper ends of the
P-source/drains 89, second metal silicide patterns 93 formed
on upper ends of the first gate electrodes 33, third metal
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silicide patterns 92 formed on upper ends of N-source/drains
84, and a fourth metal silicide pattern 94 formed on an upper
end of second gate electrode 34. The first metal silicide pat-
terns 91 may be formed in the third semiconductor layer 73
and the second semiconductor layer 72. For example, the
third semiconductor layer 73 may fully be converted into the
first metal silicide patterns 91. The second semiconductor
layer 72 adjacent to the third semiconductor layer 73 may be
converted into the first metal silicide patterns 91.

Referring to FIGS. 9 and 24, an etch-stopping layer 95
conformally covering the entire substrate 21 may be formed.
An interlayer insulating layer 97 may be formed on the etch-
stopping layer 95 (190). In some embodiments, the etch-
stopping layer 95 may include a material having an etch
selectivity with respect to the interlayer insulating layer 97.
For example, the etch-stopping layer 95 may include silicon
nitride, and the interlayer insulating layer 97 may include
silicon oxide.

TABLE 1

Difference caused by pattern loading effect
Component Experiment 1 Experiment 2 Experiment 3
Sacrificial 13.5 nm 7.5 nm 13.5nm
spacer
First trench N/A 24 nm 16 nm
Second trench 35 nm 13 nm 17 nm
Third trench NH40H 40:1 NH40H 40:1 TMAH
Pattern density High Low High Low High Low
X2 40mm Llnm 28nmm 19mm 3.7nm 3.1nm
A 2.9nm 0.9 nm 0.6 nm

Table 1 shows experimental examples of variation in the
locations of the second edge E2 due to the pattern loading
effect.

Referring to Table 1 and FIG. 14B, in Experiment 1, the
process of forming the first trench described in the embodi-
ments of the inventive concepts is omitted, and the difference
in second horizontal distance X2 between a high pattern-
density region and a lower pattern-density region is 2.9 nm,
which is relatively great. In Experiments 2 and 3, the condi-
tions of forming the sacrificial spacer, the first trench, the
second trench, and the third trench described in the embodi-
ments of the inventive concepts, are controlled so as to be
formed according to different processes with respect to each
other, and the differences of the second horizontal distance
X2 between a high pattern-density region and a lower pattern-
density region are respectively 0.9 nm and 0.6 nm, which are
relatively small as compared to Experiment 1. As shown in
the experimental examples of Table. 1, according to the
embodiments of the inventive concepts, it can be seen that the
differences of the second horizontal distance X2 between the
high pattern density region and the low pattern density region
can be significantly improved, as compared to the related art.

TABLE 2

Difference between the center area and the
edge area of the active region

Component Experiment 4 Experiment 5
Sacrificial spacer 13.5 nm 13.5 nm
First trench N/A 16 nm
Second trench 35 nm 17 nm
Third trench NH40H 40:1 TMAH
X21-X22 3.5nm 0.7 nm
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Table 2 illustrates variation in the locations of the second
edge E2 in the center and edge areas of the active region.

Referring to Table 2 and FIG. 6, in the experiment 4, the
process of forming the first trench described in the embodi-
ments of the inventive concepts is omitted, and the difference
between the second horizontal distance X21 and the third
horizontal distance X22 is 3.5 nm, which is relatively great. In
Experiment 5, the conditions of forming the first trench, the
second trench, and the third trench described in the embodi-
ments of the inventive concepts are controlled, and the differ-
ence between the second horizontal distance X21 and the
third horizontal distance X22 is 0.7 nm, which is relatively
small. As shown in the experimental examples of Table. 2,
according to the embodiments of the inventive concepts, it
can be seen that the difference between the locations of the
second edge E2 in the center and edge areas of the active
region can be significantly improved, as compared to the
related art.

FIG. 25 is a system block diagram for describing an elec-
tronic apparatus in accordance with various embodiments of
the inventive concepts.

Referring to FIG. 25, the semiconductor device as
described with reference to FIGS. 1to 24 may be applied to an
electronic system 2100. The electronic system 2100 may
include a body 2110, a microprocessor unit 2120, a power
unit 2130, a function unit 2140, and a display controller unit
2150. The body 2110 may be a motherboard formed of a
printed circuit board (PCB). The microprocessor unit 2120,
the power unit 2130, the function unit 2140, and the display
controller unit 2150 may be installed on the body 2110. A
display unit 2160 may be arranged an inside or outside of the
body 2110. For example, the display unit 2160 may be
arranged on a surface of the body 2110 and display an image
processed by the display controller unit 2150.

The power unit 2130 may receive a constant voltage from
an external battery (not shown), etc., divide the voltage into
required voltage levels, and supply those voltages to the
microprocessor unit 2120, the function unit 2140, and the
display controller unit 2150, etc. The microprocessor unit
2120 may receive a voltage from the power unit 2130 to
control the function unit 2140 and the display unit 2160. The
function unit 2140 may perform various functions of the
electronic system 2100. For example, when the electronic
system 2100 is a mobile phone, the function unit 2140 may
have several components which perform functions of the
mobile phone such as output of an image to the display unit
2160 or output of a voice to a speaker, by dialing or commu-
nication with an external apparatus 2170. If a camera is
installed, the function unit 2140 may function as a camera
image processor.

In the embodiment to which the inventive concepts is
applied, when the electronic system 2100 is connected to a
memory card, etc. in order to expand capacity, the function
unit 2140 may be a memory card controller. The function unit
2140 may exchange signals with the external apparatus 2170
through a wired or wireless communication unit 2180. In
addition, when the electronic system 2100 needs a universal
serial bus (USB), etc. in order to expand functionality, the
function unit 2140 may function as an interface controller.
Further, the function unit 2140 may include a mass storage
apparatus.

The semiconductor device as described with reference to
FIGS. 1 to 24 may be applied to the function unit 2140 or the
microprocessor unit 2120. For example, the function unit
2140 may include the strain-inducing pattern 75. The micro-
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processor unit 2120 may have superior electrical characteris-
tics to the related art, due to the configuration of the strain-
inducing pattern 75.

FIG. 26 is a block diagram schematically showing another
electronic system 2400 including at least one of the semicon-
ductor devices in accordance with various embodiments of
the inventive concepts.

Referring to FIG. 26, the electronic system 2400 may
include at least one of semiconductor devices in accordance
with various embodiments of the inventive concepts. The
electronic system 2400 may be used to fabricate a mobile
apparatus or a computer. For example, the electronic system
2400 may include a memory system 2412, a microprocessor
2414, a random access memory (RAM), and a power supply
2418. The microprocessor 2414 may program and control the
electronic system 2400. The RAM 2416 may be used as an
operation memory of the microprocessor 2414. For example,
the microprocessor 2414, the RAM 2416, and/or other com-
ponents may include at least one of semiconductor devices
fabricated in accordance with various embodiments of the
inventive concepts. The microprocessor 2414, the RAM
2416, and/or other components can be assembled in a single
package. The memory system 2412 may store codes for oper-
ating the microprocessor 2414, data processed by the micro-
processor 2414, or external input data. The memory system
2412 may include a controller and a memory device.

The semiconductor device as described with reference to
FIGS. 1 to 24 may be applied to the microprocessor 2414, the
RAM 2416, or the memory system 2412. For example, the
microprocessor 2414 may include the strain-inducing pattern
75. The microprocessor 2414 may have superior electrical
characteristics to the related art, due to the configuration of
the strain-inducing pattern 75.

According to the embodiments of the inventive concepts,
the strain-inducing pattern filling a trench formed in an active
region may be provided. The trench may include a first trench
formed by an anisotropic etch process, a second trench
formed by an isotropic etch process, and a third trench formed
by a directional etch process. The configuration of the trench
may have superior effect to the related art in that the pattern
loading effect is minimized and the difference between the
locations of the edges formed in the center and edge areas of
the active region is improved. A semiconductor device having
superior electrical characteristics to the related art can be
implemented.

The foregoing is illustrative of embodiments and is not to
be construed as limiting thereof. Although a few embodi-
ments have been described, those skilled in the art will readily
appreciate that many modifications are possible without
materially departing from the novel teachings and advan-
tages. Accordingly, all such modifications are intended to be
included within the scope of this inventive concepts as
defined in the claims. In the claims, means-plus-function
clauses are intended to cover the structures described herein
as performing the recited function, and not only structural
equivalents but also equivalent structures.

What is claimed is:
1. A method of forming a semiconductor device compris-
ing:

preparing a substrate having an active region;

forming a gate electrode on the active region;

forming a lightly doped drain (LDD) in the active region
adjacent to the gate electrode;

forming a trench, which passes through the LDD, in the
active region adjacent to the gate electrode,
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wherein the forming of the trench includes:

forming a sacrificial spacer on the side surface of the gate

electrode;

anisotropically etching the active region exposed to an

outer side of the sacrificial spacer to form a first trench;
isotropically etching the active region exposed to an inte-
rior of the first trench to form a second trench; and
directionally etching the active region exposed to an inte-
rior of the second trench to form a third trench; and
forming a strain-inducing pattern within the trench,
wherein the active region includes an upper surface, a first
side surface facing the strain-inducing pattern below the
upper surface, a second side surface facing the strain-
inducing pattern below the first side surface, a first edge
between the upper surface and the first side surface, and
a second edge between the first side surface and the
second side surface,
wherein the second edge is nearer than the first edge with
respect to a vertical line that is perpendicular to the
substrate and passes a side surface of the gate electrode,
and

wherein the second edge is formed on a surface of the LDD.

2. The method of claim 1, wherein the first trench includes
a U-shape, and wherein an angle of intersection between a
horizontal line passing a bottom of the first trench and a
sidewall of the first trench ranges from 86 to 89 degrees.

3. The method of claim 1, wherein the second trench
includes a round sidewall, and a nearest point of the round
sidewall from the vertical line that is perpendicular to the
substrate and passes the side surface of the gate electrode is
formed on a surface of the LDD.

4. The method of claim 1, wherein a lower surface of the
sacrificial spacer is exposed to the second trench.

5. The method of claim 1, wherein the first side surface is
formed on a surface of the LDD, and the second surface
extends from the surface of the LDD to a lower level than the
LDD.

6. The method of claim 1, wherein the forming of the
strain-inducing pattern includes:

forming a first semiconductor layer in the trench;

forming a second semiconductor layer on the first semi-

conductor layer; and
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forming a third semiconductor layer on the second semi-
conductor layer, the first and second semiconductor lay-
ers including a different material from that of the active
region.

7. The method of claim 6, wherein the first, second, and
third semiconductor layers are formed using a selective epi-
taxial growth (SEG) technique.

8. The method of claim 6, wherein the first and second
semiconductor layers include a SiGe layer, and the second
semiconductor layer has a higher Ge content than the first
semiconductor layer.

9. The method of claim 6, wherein the third semiconductor
layer includes a Si layer or a SiGe layer having a lower Ge
content than the second semiconductor layer.

10. A method of forming a semiconductor device compris-
ing:

forming a first trench in a substrate;

expanding a distance between inner sidewalls of the first

trench using an isotropic etch process to form a second
trench having curved inner sidewalls and having an inner
width; and

expanding a distance between inner sidewalls of the second

trench using a directional etch process to form a third
trench having linear upper and lower inner sidewalls that
intersect at an angle relative to each other, and wherein
an inner width of the third trench at a point of intersec-
tion of the upper and lower inner sidewalls is controlled
in response to the inner width of the curved inner side-
walls of the second trench.

11. The method of claim 10 wherein the first trench is
formed using an anisotropic etch.

12. The method of claim 10 wherein the inner width of the
second trench is controlled in response to parameters of the
isotropic etch process.

13. The method of claim 10 wherein the inner width of the
third trench at the point of intersection of the upper and lower
inner sidewalls is controlled in response to parameters of the
directional etch process.

14. The method of claim 10 further comprising filling the
trench with a strain-inducing material.
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